
Contents lists available at ScienceDirect

Food Packaging and Shelf Life

journal homepage: www.elsevier.com/locate/fpsl

Eugenol incorporation into thermoprocessed starch films using different
encapsulating materials
Emma Talón⁎, Maria Vargas, Amparo Chiralt, Chelo González-Martínez
Instituto Universitario de Ingeniería de Alimentos para el Desarrollo, Universitat Politècnica de València, Spain

A R T I C L E I N F O

Keywords:
Optical properties
Mechanical properties
Antioxidant activity
Controlled release
Water Vapour Permeability
Oxygen Permeability

A B S T R A C T

The effect of the incorporation of eugenol on the mechanical, barrier and antioxidant properties of compression
moulded corn starch films was studied as well as the release kinetics. Free or spray-dried encapsulated eugenol,
using whey protein or lecithin as wall materials and maltodextrin as drying coadjuvant and oleic acid (OA) as a
carrying agent, was used. Thermo-processing of the films caused significant eugenol losses (80–65%), which
were minimised when microcapsules contained OA. In the films with free eugenol, the compound retention was
enhanced through its complexation with starch. Eugenol microcapsules provoked a heterogeneous micro-
structure in the film matrices, which became less resistant and stretchable, with lower water sorption capacity
and improved barrier properties. Encapsulates promoted a faster eugenol release and a greater release ratio at
equilibrium, especially when they contained more water-soluble components. An acid medium promoted the
release ratio, associated with the progressive partial hydrolysis of the starch matrix.

1. Introduction

Over the last few decades, substantial efforts have focused on the
use of natural antioxidants for the development of novel health-pro-
moting ingredients with potential food applications. Eugenol is a nat-
ural phenolic compound, present in clove (90%) and cinnamon (60%)
essential oils, with antimicrobial and antioxidant properties (Chatterjee
& Bhattacharjee, 2013; Devi, Nisha, Sakthivel, & Pandian, 2010;
Kamatou, Vermaak, & Viljoen, 2012; Ogata, Hoshi, Urano, & Endo,
2000). It has been widely used in pharmaceuticals, cosmetics and food
products and, recently, in active packaging for food preservation. Sev-
eral authors (Fernandes Nassar, Dombre, Gastaldi, Touchaleaume, &
Chalier, 2018; Narayanan & Ramana, 2013; Sanla-Ead, Jangchud,
Chonhenchob, & Suppakul, 2012; Valencia-Sullca et al., 2016) reported
the antimicrobial activity of different biopolymer films containing eu-
genol. This natural compound, incorporated into the film formulation,
confers antimicrobial and antioxidant effects on bioactive films for food
preservation, thus contributing to the prevention of some deteriorative
reactions. However, the beneficial properties of these active compounds
can be reduced by inadequate storage conditions (Fang & Bhandari,
2010) due to their volatility and sensitivity to oxygen, light or heat.
Moreover, their incorporation into aqueous systems, such as most
foods, is limited by their low water solubility and impact on flavor
(Choi, Soottitantawat, Nuchuchua, Min, & Ruktanonchai, 2009;

Woranuch & Yoksan, 2013).
The encapsulation of the active compound into different wall-sys-

tems may limit its losses during film processing while also helping to
modulate the release kinetics of the active from the packaging material
(Valencia-Sullca et al., 2016). Microencapsulation by spray-drying is
the most commonly used technique at industrial level. This has been
used to encapsulate thermosensitive compounds, since it is a fast pro-
cess in which the temperature reached is relatively low (Barrow, Wang,
Adhikari, & Liu, 2013). The wall materials in dried powder may also
help to improve the retention of volatile compounds in the final en-
capsulates (Jafari, He, & Bhandari, 2007).

The choice of the wall-materials used in the encapsulation of non-
polar actives is determinant in the active load of spray-dried micro-
particles. They greatly affect the stability of the initial oil in water
emulsion of the target compound, which is a decisive factor in the
encapsulation efficiency during the spray drying process. Likewise, wall
material may contribute greatly to limiting the subsequent losses of the
active from the dried powder (Botrel, de Barros Fernandes, Borges, &
Yoshida, 2014). Whey protein (WP) is a biopolymer that is capable of
successfully trapping hydrophobic compounds and is widely used to
stabilize emulsions (Bae & Lee, 2008). Proteins are often combined with
carbohydrates, such as maltodextrins (MD), as they improve drying
properties, increasing oxidative stability due to the formation of a dry
crust around the droplets during drying (Kagami et al., 2003). The
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chemical structure of lecithins (LE) allows for the formation of lipo-
somes. These have the ability to act effectively as encapsulants of active
compounds. Lecithin in combination with MD produced a good en-
capsulation system, stabilizing oil-in-water emulsions (Taylor, Weiss,
Davidson, & Bruce, 2005). On the other hand, several studies demon-
strated that the presence of oleic acid (OA) in the initial emulsion en-
hanced the retention of the active compound due to its carrying effect
(Perdones, Vargas, Atarés, & Chiralt, 2014; Pokharkar, Shekhawat,
Dhapte, & Mandpe, 2011).

Corn starch is of great potential use for the purposes of obtaining
biodegradable packaging materials, due to its easy availability and low
cost. Many studies (Averous, Moro, Dole, & Fringant, 2000; Jiménez,
Fabra, Talens, & Chiralt, 2012; Muller, González-Martínez, & Chiralt,
2017a; Park et al., 2002) have shown the possibility of obtaining starch-
based films by thermoprocessing (extrusion, compression moulding, …)
under de-structuring and plasticization conditions. Nevertheless, the
incorporation of different active compounds, encapsulated or not, into
starch films could have an impact on their physical properties which
may affect their functionality as a packaging material (Cano, Cháfer,
Chiralt, & González-Martínez, 2016; Sánchez-González, Arab-Tehrany,
Cháfer, González-Martínez, & Chiralt, 2015). These films could be used,
for example, to develop bi or multi-layered films combined with con-
ventional plastics or with other biodegradable materials, or even as
edible coatings to better preserve foodstuffs, providing an added func-
tionality without plastic migration problems or concerns.

The aim of this study was to evaluate the functional properties of
compression-moulded corn starch-based films containing micro-
encapsulated eugenol and the release kinetics of this compound into
different food simulants. The effect of the different composition of the
microencapsulating material was also studied.

2. Materials and methods

2.1. Raw materials

To obtain the microencapsulated eugenol, Soy Lecithin (LE) lipoid
S45 (Batch 574510, Lipoid GmbH, Germany), Whey Protein Isolate
(WP) Prodiet 90S (Batch 131848) and maltodextrin (MD) Kyrosan E18
1910 QS (DE 18.0; Batch 02157372) from Haarla (Tampere, Finland),
Eugenol (E) (Batch STBD6235V, Sigma–Aldrich, Madrid, Spain) and
purified Oleic acid (OA) (77% C18:1; 11% C18:2; 4% C16:0; 1% C16:1;
3% C18:0) (Batch 15C030505, VWR Chemicals Germany) were used.
The different encapsulated eugenol powders (E-WP; EOA-WP; E-LE and
EOA-LE powders) were obtained by using a spray-dryer [26] (Mobile
Minor TM spray-dryer, GEA Niro, GEA Process Engineering A/S,
Søborg, Denmark) with a rotary atomiser at an inlet air temperature of
180 °C. The outlet temperature was kept at 80 ± 2 °C by controlling
the feed rate. These microcapsules exhibited a mean particle diameter
of around 15 μm, regardless of the wall material (WP or LE) and a very
small percentage of finest particles (0.5 μm) (Talón, 2018).

Corn starch (S) (Batch RMA12, Roquette Laisa SA, Benifaió, Spain)
7.84 ± 0.08 (w/w) of moisture content and glycerol (Panreac Química
SLU, Castellar del Vallès, Barcelona, Spain) were used to prepare the
films.

2,2-Diphenyl-1-pikryl-hydrazyl (DPPH) and Folin-Ciocalteu, from
Sigma–Aldrich (Madrid, Spain) and glacial acetic acid, absolute
ethanol, methanol, sodium carbonate (Na2CO3), magnesium nitrate
(Mg(NO3)2) and phosphorus pentoxide (P2O5), provided by Panreac
Química SLU (Barcelona, Spain) were used to carry out the different
analyses.

2.2. Preparation of the films

Compression-moulded films were obtained following the metho-
dology described by Ortega-Toro, Morey, Talens, and Chiralt (2015)
with some modifications. First, a pre-mixture of the starch, micro-
encapsulates and glycerol using a starch:microencapsulate powder:-
glycerol mass ratio of 1:0.35:0.3 was obtained. Each mixture was hot-
blended in a two-roll mill (model LRM-M-100, Labtech Engineering,
Samutprakarn 10280, Thailand) at 160 °C and 12 rpm for 10 min until a
homogeneous blend was obtained. The pellets obtained were condi-
tioned for 10 days at 25 °C and 53% relative humidity (RH) by using an
saturated salt solution in excess of magnesium nitrate. The films were
obtained by compression moulding using a hot-plate press (model
LP20, Labtech Engineering). Four grams of the pellet were preheated at
150 °C for 2 min in the press plate and then pressed at 150 °C and 50 bar
for 2 min, followed by 120 bar for 6 min. After that, a 3 min cooling
cycle was applied. As controls, pure starch and non-encapsulated eu-
genol films incorporating the same E concentration as in the en-
capsulated films, were also prepared (non-encapsulated eugenol films).
To this end, pure eugenol was added to the starch:glycerol blend (ratio
1:0.3), and submitted to the same processing conditions as the rest of
the films. The final composition of the films and the nomenclature is
shown in Table 1. The films were finally conditioned at 25 °C and 53%
RH for 5–7 days prior to further analysis.

2.3. Characterization of the films

2.3.1. Microstructural analysis
The microstructure of the films' cross sections was observed by

means of Field Emission Scanning Electron Microscope (FESEM) (JEOL,
model JSM-5410, Japan). The samples were maintained with phos-
phorus pentoxide for one week to ensure the total dehydration of the
films and cryofractured by immersion in liquid nitrogen in order to
observe the transversal zones. The pieces of the film were mounted on
the sample holder using the double-sided carbon tape. Samples were
coated with platinum and observed using an accelerating voltage of
2 kV (Moreno, Díaz, Atarés, & Chiralt, 2016).

2.3.2. Tensile properties
The mechanical behavior of the films was analyzed using a

Universal Testing Machine (Stable Micro System TA-XT plus,
Haslemere, England) according to ASTM standard method D882
(ASTM, 2001). The thickness of eight pre-conditioned film pieces of
25 mm × 100 mm was measured at six random points by means of an
electronic digital micrometer (Comecta S.A., Barcelona, Spain) and the
samples were mounted in the film’s extension grip of the equipment and
stretched at a rate of 50 mm/min until breaking. Force-distance curves

Table 1
Composition of the starch films incorporating, or not, microencapsulated eugenol (g/100 g dry film).

Nomenclature S* (%) Glycerol (%) WP* (%) LE* (%) MD* (%) Eugenol (%) OA* (%)

Films + encapsulated eugenol E-WP-S 60.606 18.182 0.461 19.368 1.383
EOA-WP-S 60.606 18.182 0.400 16.810 1.201 2.802
E-LE-S 60.606 18.182 0.461 19.368 1.383
EOA-LE-S 60.606 18.182 0.400 16.810 1.201 2.802

Control films E-S 75.700 22.710 1.590
S 76.923 23.077

* S: corn starch; WP: whey protein isolate; LE: lecithin; MD: maltodextrin; OA: oleic acid.
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were obtained and transformed into stress-Hencky strain curves. The
mechanical behavior was analyzed in terms of elastic modulus (EM),
tensile strength (TS) and percentage of elongation at break (%E) (Cano
et al., 2016).

2.3.3. Barrier properties: water vapour and oxygen permeabilities
Water vapour permeability (WVP) was determined gravimetrically

using a modification of the ASTM E96-95 gravimetric method (ASTM,
1995), at 25 °C and a RH gradient of 53–100%. Payne permeability cups
of 3.5 cm in diameter (Elcometer SPRL,Hermelle/s Argenteau, Belgium)
were filled with 5 mL of distilled water (100% RH). Three circular
samples of each formulation were prepared and the thickness of each
sample was measured at six random points with an electronic digital
micrometer (Comecta S.A., Barcelona, Spain). Samples were fixed in the
cups and were placed in equilibrated desiccators containing saturated
solutions of magnesium nitrate (53% of RH) and with a fan on the top of
the cup in order to reduce the resistance to water vapour transport. The
cups were weighed periodically using an analytical balance (ME36S,
Sartorius, Germany; ± 0.00001 g) at intervals of 1.5 h for 24 h after
the steady state had been reached. The slope of the weight loss versus
time was plotted and the water vapour transmission rate (WVTR) and
WVP was calculated according to Eqs. (1) and (2) (Bonilla, Atarés,
Vargas, & Chiralt, 2013).

=WVTR
P D Ln P p P p

R T z
· · [( )/( )]

· ·
2 1

(1)

=WVP WVTR
p p

thickness
( )

·
2 3 (2)

Where, P is the total pressure (atm); D is the diffusivity of water
through air at 25 °C (m2/s); R is the gas law constant
(82.057 × 10−3 m3 atm kmol−1 K−1); T is the absolute temperature
(K); Δz is the mean height of stagnant air gap (m), considering the in-
itial and final value; p1 is the water vapour pressure on the solution
surface (atm); p2 is the corrected water vapour pressure on the film’s
inner surface in the cup (atm) and p3 is the water vapour pressure on
the outer side of the film (atm).

The oxygen permeability (OP) was determined by following the
ASTM Standard Method D3985-05 (ASTM, 2010). Three 50 cm2 re-
plicates of each formulation were measured by using the Ox-Tran
equipment (Model 1/50, Mocon, Minneapolis, USA) at 25 °C and 53%
of RH. Oxygen permeability was calculated by dividing the oxygen
transmission rate (OTR) by the difference in oxygen partial pressure
between the two sides of the film and multiplying by the film thickness.

2.3.4. Moisture content, water disintegration test and thickness
The water content of the different films, previously conditioned at

53% RH and 25 °C, was determined by cutting the films into small
pieces and placing them into pre-weighed capsules. In order to accel-
erate the dehydration process, the samples were placed in a vacuum
oven (TEM-T vacuum. J.P. Selecta, S.A., Barcelona, Spain) at 60 °C for
48 h and then stored in a desiccator with phosphorus pentoxide until
reaching constant weight. Three replicates were considered per for-
mulation. The moisture content in dry basis (g H2O/100 g dry matter)
was calculated from the initial and final sample weights.

As regards the water disintegration test, pieces of dry samples were
transferred to a metallic mesh (0.5 mm width) of known weight and
distilled water was added in a ratio of 1:50 (film:distilled water; w/v).
Samples were kept for 7 days at 20 °C. The meshes with the samples
were placed in an vacuum oven (J.P. Selecta, S.A., Barcelona, Spain) at
60 °C for 48 h and, subsequently, they were transferred to a desiccator
with phosphorus pentoxide until constant weight was reached. The
assay was performed in triplicate and the results were expressed as
soluble film/100 g film.

The thickness of the films was measured at sixteen random points of
three samples of each formulation conditioned at 25 °C and 53% RH by

means of a digital electronic micrometer with an accuracy of 0.001 mm
(Palmer model COMECTA, Barcelona).

2.3.5. Optical properties
The optical properties (transparency and psychometric coordinates)

were determined in triplicate by measuring the reflection spectra of the
samples from 400 to 700 nm of wavelength using a MINOLTA spec-
trocolorimeter (model CM-3600d, Minolta CO., Tokyo, Japan). The
transparency was measured by means of the internal transmittance (Ti),
applying the Kubelka-Munk theory of the multiple dispersion of re-
flection spectra (Hutchings, 1999) given the reflection spectra of both
black and white backgrounds. The CIEL*a*b* colour coordinates were
obtained from the reflectance of an infinitely thick layer of the material
by considering illuminant D65 and observer 10°. Psychometric co-
ordinates Chroma (Cab*) and hue (hab*) were also determined (Talón,
Trifkovic, Nedovic et al., 2017).

2.3.6. Antioxidant activity
The antioxidant activity (AA) was carried out by using the DPPH

method (Brand-Williams, Cuvelier, & Berset, 1995), based on the re-
duction of the DPPH% radical in an alcoholic solution by a hydrogen-
donor antioxidant. In the radical form, this molecule shows absorbance
at a wavelength of 515 nm, which disappears after accepting an elec-
tron or hydrogen radical from antioxidant compounds (Scherer &
Godoy, 2009).

For this purpose, around 2 g of films were dispersed in 100 mL of
methanol and kept under stirring for 15 days. After that, samples were
homogenised by using the Rotor Stator for 1 min, in order to provoke
the total release of the antioxidant compound content.

The determination of the antioxidant capacity of the different films
was carried out mixing 0.15 to 1.05 mL (increases of 0.15 mL volume)
of different appropriately diluted samples with a methanol solution of
DPPH%, whose concentration provides an absorbance of 0.70 ± 0.02
(Pastor, Sánchez-González, Chiralt, Cháfer, & González-Martínez,
2013). Samples were kept in the dark and capped to avoid the eva-
poration of methanol for 4 h, when reaction stability was achieved
(Bortolomeazzi, Sebastianutto, Toniolo, & Pizzariello, 2007); after that,
they were measured in a spectrophotometer (ThermoScientific, Evolu-
tion 201 Visible UV Spectrophotometer) with a wavelength of 515 nm.
The assay was performed in triplicate and the DPPH% concentration
([DPPH]%), in mM, in the reaction medium was calculated from the
calibration curve (equation 3) determined by linear regression
(R2 = 0.997). The percentage of remaining DPPH% (%DPPH%

rem) was
calculated following Eq. (4).

=Abs DPPH11.79378 [ ]nm515
• (3)

= =

=
DPPH DPPH

DPPH
%[ ] [ ]

[ ]
100rem

t h

t

•
4

•
0 (4)

Where Abs515nm is the absorbance measured in the spectrophotometer
at 515 nm of wavelength; the DPPH%

t=4h is the concentration of DPPH at
4 h and DPPH%

t=0 is the concentration at the start of the reaction.
From these values, the parameter EC50 (Efficient Concentration)

was determined, which indicates the antioxidant concentration neces-
sary to reduce the initial DPPH by 50%. This parameter was obtained
after representing the %DPPHrem versus the mass ratio of the film (mg
film/mg DPPH or mol eugenol/mol DPPH).

2.3.7. Quantification of the eugenol content
The eugenol content was determined by using the Folin-Ciocalteu

method (Stojanovic et al., 2012) and through compound extraction and
the measurement of UV absorbance. To this end, around 2 g of films
were dispersed in 100 mL of methanol and kept under stirring for 15
days. After that, samples were homogenised by using a Rotor Stator
homogenizer (Yellow Line DL 25 Basic, IKA, Janke and Kunkel, Ger-
many) for 1 min and filtered before measurements.
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In the Folin-Ciocalteu (F-C) method, 100 μL of the previously di-
luted samples was mixed with 0.5 mL of Folin-Ciocalteu reagent and
1.5 mL of Na2CO3 and was completed with water until 10 mL. After 2 h
of reaction, the absorbance of the samples was measured at 765 nm, in
triplicate, by using a spectrophotometer (ThermoScientific, Evolution
201 VisibleUV Spectrophotometer). Pure eugenol was used as a stan-
dard and the results were expressed as mg L−1 of Eugenol.

In the UV quantification method, the absorbance of 2 mL samples
was measured spectrophotometrically (ThermoScientific, Evolution 201
Visible UV Spectrophoto-meter) at 282 nm of wavelength, where the
eugenol absorbance is maximum (Pramod, Ansari, & Ali, 2013). The
absorbance measurements obtained were related to the corresponding
standard calibration curve in order to obtain the concentration of eu-
genol.

2.4. Kinetics of eugenol release

Four different liquid food simulants were used to perform the re-
lease study of the different films according to the Commission regula-
tion (EU) 10/2011 (14 January 2011): ethanol 10% (v/v) (EtOH10%),
acetic acid 3% (w/v) (AA3%), ethanol 20% (v/v) (EtOH20%), which
are assigned for aqueous foods, aqueous foods with pH values below 4.5
and alcoholic foods up to 20%, respectively, and ethanol 50% (v/v)
(EtOH50%), which simulates alcoholic food above 20% and oil-in-
water emulsions.

To carry out the release experiments, pieces of film were weighed,
cut into small pieces and placed into vials containing 100 mL of each
simulant. Release studies were carried out in triplicate for 16 days at
22 °C under slight stirring conditions. The amount of eugenol released
was quantified by the UV method, taking around 2 mL of each simulant
solution. This volume was returned to its respective vial after the
spectrophotometric measurement.

2.4.1. Mathematical modelling of eugenol release
Peleg’s empirical model (Peleg, 1988), described by Eq. (5), was

applied to the experimental data in order to predict the release kinetics.

= +
+

M M t
k k tt 0

1 2 (5)

where Mt is eugenol content at time t, M0 is the initial eugenol content,
k1 is the kinetic constant of the model that is inversely related to the
mass transfer rate at the beginning of the process, and k2 is a constant of
the model that is related to the asymptotic value, which can be related
to the equilibrium value (1/M∞, where M∞ is the amount of active
compound released at equilibrium).

2.5. Statistical analysis

The results were submitted to analysis of variance (ANOVA) using
Statgraphics Centurion XVI software (Manugistics Corp., Rockville,
Md.). Fisher′s least significant difference (LSD) procedure was used at
the 95% confidence level.

3. Results and discussion

3.1. Microstructure

The FESEM images of the cross-sections of the films are shown in
Fig. 1. This analysis provides information about the internal micro-
structure, which is affected by the spatial organization of the different
components of the films and by their interactions established during the
melt blending and thermo-compression processes. Starch (S) films ex-
hibited the typical continuous and homogeneous appearance coherent
with the development of a compact arrangement of polymer chains
(Castillo et al., 2013; Ortega-Toro et al., 2015), which indicates that
starch granules were totally disrupted during the thermal processing.

The micro-cracks observed are probably due to the highly dried state of
the sample during observation, which makes it very brittle and sensitive
to the electron impact. The incorporation of non-encapsulated eugenol
affected the internal structure of the films, and qualitative differences
could be appreciated in the matrix. Eugenol became entrapped in the
polymer matrix, which exhibited extensive micro-channels, where a
part of eugenol could be retained. Likewise, a part of the compound
could be complexed in the helical conformation of amylose, as reported
by other authors (Eliasson, 1994) for a high number of lipid com-
pounds, leading to lipid-starch complexes.

The effect of the incorporation of encapsulated eugenol on the in-
ternal microstructure of the films depended on the composition of the
encapsulating formulation. In E-WP formulations, samples exhibited a
heterogeneous appearance, showing a coarser cross-section than the
control films, suggesting that the polymer chain packing was inter-
rupted by the microencapsulating particles. On the contrary, when
using E-LE capsules, a smoother matrix was obtained. This suggests that
a high degree of compatibility between the E-LE particles (lipid in
nature) and starch has been developed, probably due to the establish-
ment of specific interactions between components during thermo-
processing.

When capsules containing OA were used, the structural dis-
continuities in the films increased remarkably, giving rise to a greater
number of thicker micro-channels and cavities. This effect revealed the
disruption of the micro-particles during the melt blending process, thus
causing the release of OA into the blend. No oil droplets were formed
due to the high viscosity of the melt and the lack of intense shear forces
to promote the oil phase disruption in small droplets. Thus, a part of the
OA was retained in the starch matrix in micro-channels or cavities, as
reflected by the dark zones in the film structure; this was associated
with the initial locust of the lipid, which was partially evaporated under
the vacuum conditions in the microscope, as reported by other authors
(Jiménez, Fabra, Talens, & Chiralt, 2012). These microstructural fea-
tures were common for all the films containing capsules with OA, re-
gardless of the type of wall-material (WP or LE). These discontinuities
affected the mechanical resistance of the films, as commented on below.

3.2. Tensile properties

The tensile strength (σ), deformation at break (%E) and elastic
modulus (EM) parameters are useful for describing the mechanical
behavior of the films and are closely related to their internal structure.
Fig. 2 shows the typical stress–strain curves of the different formula-
tions and the mean values of tensile parameters are shown in Table 2
for the different films. In Fig. 2, the effect of the addition of non-en-
capsulated and microencapsulated eugenol on the mechanical response
of the films can be observed.

Starch films showed a similar tensile behavior to that found by other
authors for melt- blended and compression-moulded starch films
(Ortega-Toro et al., 2015). Lipids generally acted as plasticizers, de-
creasing the EM values and σ and increasing the stretchability (greater
%E values) of the films, since lipids introduce discontinuities into the
polymer matrix which contribute to a reduction in both the polymer
cohesion forces and, thus, in the mechanical resistance of the films
(Acosta, Jiménez, Cháfer, González-Martínez, & Chiralt, 2015; Jiménez
et al., 2012b). Nevertheless, the effect depends on the type of lipid
incorporated and its solid state (liquid, solid), the particle size and its
distribution in the polymer matrix (Jiménez et al., 2012b).

The incorporation of non-encapsulated eugenol into the starch
matrix caused a reduction in not only the tensile strength (p < 0.05)
and EM values, but also in the film extensibility (10% reduction),
leading to less resistant films that were stiff and stretchable. These re-
sults also pointed to the development of starch-eugenol interactions,
mainly through the formation of starch-eugenol complexes, in which
the hydrophobic cavity of the helical conformations of amylose and
amylopectin chains are involved (Eliasson, 1994; Jiménez et al., 2012a;
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Jiménez, Fabra, Talens, & Chiralt, 2013). This effect could affect
amylose crystallization (V-type), enhancing the film brittleness. The
microstructural observations (Fig. 1) also support the formation of
these complexes, as the lipid molecules seemed to be well integrated in
the polymer matrix and no lipid structures were observed.

On the other hand, the incorporation of microencapsulated eugenol
into the starch matrix also affected the mechanical behavior of the

starch films and was dependent on the capsule formulation. In general,
capsule addition made the film less resistant (lower TS, except in E-L E-
S films) and less stretchable (lower %E) due to the presence of dis-
continuities in the polymer matrix, which contribute to a reduction in
the polymer cohesion forces. This behavior was especially noticeable
when capsule formulations contained OA, coherent with the develop-
ment of a more heterogeneous (less continuous) microstructure as
previously commented on.

The effect of capsule incorporation on the film stiffness also de-
pended on the capsule formulation. The EM values increased when

Fig. 1. Field emission scanning electron microscope micrographs of the cross-sections of the films. S: pure starch films; E-S: starch films containing free-eugenol; E-
WP-S and E-LE-S: starch films containing encapsulated eugenol in whey protein or lecithin-based microparticles; EOA-WP-S and EOA-LE-S: starch films containing
encapsulated eugenol using oleic acid and whey protein or lecithin-based microparticles.

Fig. 2. Typical stress-Hencky strain curves of the films: S ( ), E-S (grey ), E-
WP-S ( ), EOA-WP-S ( ), E-LE-S ( ) and EOA-LE-S ( ).

Table 2
Elasticity modulus (EM), Tensile strength (σ) and percentage of elongation (%E)
of films. Mean ± standard deviation.

Formulation EM (MPa) TS (MPa) %E

S 324 ± 83c 8.4 ± 1.2d 30 ± 9d

E-S 38 ± 6a 2.3 ± 0.2a 20 ± 4c

E-WP-S 398 ± 36d 7.0 ± 0.4c 8 ± 3b

EOA-WP-S 252 ± 41b 3.6 ± 0.3b 3.5 ± 1.2a

E-LE-S 552 ± 87e 9.7 ± 0.7e 2.9 ± 0.7a

EOA-LE-S 87 ± 53a 1.7 ± 1.3a 4.6 ± 1.8ab

abcdeDifferent letters in the same column indicate significant difference among
formulations (p < 0.05).
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using E-WP and E-LE particles but decreased in both cases when they
contained OA. This effect was more marked in LE capsules, despite a
greater increase in EM being observed for films with OA-free E-LE
particles. The marked plasticizing effect of the OA released from the
capsules (Fabra, Jiménez, Atarés, Talens, & Chiralt, 2009) led to a great
reduction in the polymer chain interaction forces, while discontinuities
introduced in the matrix (Fig. 1) promoted film breakability.

3.3. Barrier properties, moisture content, water disintegration test and
thickness

The oxygen and water vapor permeabilities of the films stored at
53% RH and 25 °C are shown in Table 3, together with the water
content, water disintegration test and thickness of the films. Pure starch
films (S) showed similar water and oxygen barrier capacity to those
reported by other authors for melt-blended and compression-moulded
starch films (Muller, González-Martínez, & Chiralt, 2017b; Ortega-Toro
et al., 2015). In general, the addition of lipid compounds to hydrophilic
film matrices decreases the WVP due to the promotion of hydro-
phobicity and increases the OP values due to the greater oxygen solu-
bility in the hydrophobic regions of the matrices (Jiménez et al.,
2012b). Films containing non-encapsulated eugenol showed higher
values of water content, WVP and OP than both pure starch films and
films incorporating microencapsulated eugenol. This suggests that the
expected effect of the more hydrophobic nature of the compound could
be mitigated by its inclusion in the helical formations, thus limiting its
active role at reducing the matrix’s water affinity. This implied a higher
equilibrium water content leading to a greater water-plasticising effect,
which enhanced all of the diffusion-dependent processes, such as water
vapour or gas permeation (Dole, Joly, Espuche, Alric, & Gontard, 2004;
Mahieu, Terrié, & Youssef, 2015).

When microencapsulated eugenol (E-WP, E-LE, EOA-LE, EOA-WP)
was added to the starch films, the WVP values and water content de-
creased in line with the incorporation of more hydrophobic components
(Acosta et al., 2016; Ghasemlou et al., 2013; Sánchez-González, Chiralt,
González-Martínez, & Cháfer, 2011). In general, non-significant differ-
ences in these values were found among the different formulations. The
OP values of starch films containing WP or LE-based capsules with OA
were highly variable, with values ranging from 0.14 to 18.6 and
0.6–23.9 cc mm m−2 atm−1 day−1. This can be explained by their very

heterogeneous microstructure (Fig. 1), with large micro-channels filled
with oleic acid, where oxygen molecules can easily diffuse or by the
presence of micro-cracks. Varying the orientation and distribution of
these channels in each film could lead to very different OP values.

As regards the water disintegration of the films, the lowest values
were obtained for S and E-S films (45 and 64 g soluble film/100 g film,
respectively). The incorporation of eugenol capsules (E-WP, E-LE, EOA-
LE, EOA-WP) promoted a greater disintegration of the films
(p < 0.05), in coherence with the presence of discontinuities (micro-
particles) in the polymer matrix. WP-based capsules promote the starch
film disintegration to a lesser extent than LE-based capsules, probably
due to the strong interfacial adhesion between proteins and starch, as
previously reported by other authors (Azevedo et al., 2017) for corn
starch-whey protein blend films obtained by extrusion.

As concerns the film thickness (Table 3), net starch films (S) and
eugenol-free starch films (E-S) showed the highest values in coherence
with their greater water content. On the other hand, films containing
capsules were thinner, despite the constant conditions applied in
compression moulding. Encapsulates could promote the blend flow-
ability, in line with the plasticizing effect provoked by the low mole-
cular weight compounds (maltodextrin and/or lipids) released from the
capsules into the starch matrix. The different flow response of the starch
pellets to thermo-compression gave rise to differences in the final film
thickness (Ortega-Toro, Jiménez, Talens, & Chiralt, 2014). In those
formulations incorporating more lipid compounds (OA or lecithin), this
effect was significantly more marked (p < 0.05).

3.4. Optical properties

The optical properties are relevant for polymers used as a packaging
material. Ghanbarzadeh, Almasi, and Entezami (2010) reported that
the colour of the film could be an important factor in terms of the
consumer acceptance of both edible and inedible films. Table 4 shows
the lightness, chrome and hue parameters, together the whiteness index
and the internal transmittance of the films at 460 nm wavelength.

The internal transmittance (Ti) of the films, which is related to their
transparency, depends on the internal microstructure of the matrix and
the distribution of the components that produced more or less light
scattering. High values of internal transmittance are associated with
highly transparent films. On the contrary, more opaque films

Table 3
Oxygen permeability (OP), water vapor permeability (WVP), moisture content, water disintegration test and thickness of starch based films equilibrated at 25 °C-53%
RH. Mean values ± standard deviation.

Formulation OP
(cc mm m−2 atm−1 day−1)

WVP
(g mm kPa−1 h−1 m−2)

WC
(g 100 g−1 dry film)

Water disintegration (g 100 g−1 film) Thickness (μm)

S 0.44 ± 0.08b 9.9 ± 0.6c 10.19 ± 0.19c 45 ± 9a 204 ± 28d

E-S 1.05 ± 0.04c 11.0 ± 0.2d 11.5 ± 0.3d 64 ± 7b 206 ± 18d

E-WP-S 0.17 ± 0.06a 6.6 ± 0.2ab 8.9 ± 0.6a 85 ± 8c 166 ± 15c

EOA-WP-S 0.14 – 18.6 6.2 ± 0.4ab 8.8 ± 0.3a 100 ± 0d 136 ± 13a

E-LE-S 0.13 ± 0.02a 6.1 ± 0.2a 9.0 ± 0.3ab 94 ± 5cd 144 ± 11b

EOA-LE-S 0.6 – 23.9 6.9 ± 0.5b 9.7 ± 0.4bc 100 ± 0d 144 ± 15b

abcdDifferent letters in the same column indicate significant difference among formulations (p < 0.05).

Table 4
Film values of Lightness (L*), hue (hab*), chroma (Cab*), Whiteness Index (WI) and internal transmittance (Ti) at a wavelength of 460 nm. Average values ± standard
deviations.

Formulation L* Cab* hab* WI Ti (460 nm)

S 73.6 ± 0.9e 16.7 ± 0.5b 85.6 ± 0.5d 68.8 ± 0.9d 0.811 ± 0.005d

E-S 71.967 ± 0.115d 12.5 ± 0.4a 95.9 ± 0.3e 69.27 ± 0.06d 0.809 ± 0.003d

E-WP-S 59.1 ± 1.3a 25.5 ± 0.7d 72.68 ± 1.14a 52.2 ± 1.7a 0.63 ± 0.04a

EOA-WP-S 67.1 ± 0.4b 22.3 ± 0.4c 77.0 ± 0.5c 60.1 ± 0.6b 0.742 ± 0.013c

E-LE-S 67.50 ± 0.18bc 21.8 ± 0.2c 75.97 ± 0.17b 60.84 ± 0.15bc 0.745 ± 0.005c

EOA-LE-S 68.1 ± 1.2c 21.8 ± 1.0c 77.6 ± 0.2c 61.322 ± 1.105c 0.69 ± 0.03b

abcdeDifferent letters in the same column indicate significant difference among formulations (p < 0.05).
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correspond with low values of internal transmittance. The Ti values
ranged from 0.63 to 0.81 and were dependent on the formulation.
Considering these results, all of the films can be considered quite
transparent. It is remarkable that the incorporation of encapsulated
eugenol led to the films being less transparent, in agreement with the
presence of dispersed phases in the matrix (Fig. 1) which enhanced light
scattering, according to the differences in the refractive index of each
phase and the distribution of their different domains.

When non-encapsulated eugenol was added to pure starch films, the
hue values increased due to the yellowness of the eugenol while chrome
and lightness produced a less vivid and darker colour.

The incorporation of microencapsulated eugenol (E-WP, E-LE, EOA-
LE, EOA-WP) in the starch films provoked significant changes
(p < 0.05), leading to darker (lower L* values) and more saturated
reddish colours (lower C* and h* values, respectively) than control
films. This was visually perceived as certain brownish colorations. This
brownish coloration could be associated with caramelization reactions
(in those films with no-proteins) taking place when carbohydrates are
heated at high temperature in the absence of amino compounds and
with the occurrence of Maillard reactions between amino acids derived
from proteins and reducing sugars (in the case of E-WP-S films). Both
reactions can be produced during the melt blending process and the
thermocompression of the film material, at high temperatures (Rhim,
Gennadios, Weller, Cezeirat, & Hanna, 1998). In fact, this effect was
more pronounced in E-WP-S films, as can be deduced from their lower
Whiteness Index (WI) values, shown in Table 4.

3.5. Antioxidant activity

The antioxidant activity (AA) of the films was evaluated though
their dissolution in a controlled amount of distilled water, applying the
method described by Brand-Williams et al. (1995), based on the DPPH
free radical. From the absorbance data both at zero reaction time and
after achieving the steady state, the EC50 parameter was calculated. The
EC50 parameter quantifies the mass of tested sample that causes a 50%
decrease in the initial DPPH% concentration. Thus, a higher antioxidant
activity is reached in samples exhibiting the lower EC50 values.

Table 5 shows the EC50 values for pure eugenol and the different
films, expressed in terms of moles of eugenol per DPPH% moles and in kg
films per DPPH mole, by taking into account the initial amount of eu-
genol in each film sample. Eugenol was found to react slowly with the
DPPH% (slow kinetic behavior), taking around 4 h to reach the steady
state coinciding with that reported by Bortolomeazzi, Verardo, Liessi,
and Callea (2010). The EC50 value of pure eugenol was also measured
(0.219 ± 0.005 mol eugenol/mol DPPH), being consistent with values
obtained by Brand-Williams et al. (1995) (0.27 mol eugenol/mol
DPPH).

All the formulations incorporating eugenol exhibited antioxidant
activity, which depended on the capsule formulation used. The

obtained values for EC50 expressed in terms of moles of eugenol per
mole DPPH% significantly increased in the films in comparison with the
pure eugenol values, which reflected the fact that significant losses in
the expected antioxidant activity occurred in the films. This can be
attributed to the eugenol losses or oxidation during film thermo-
processing or to the formation of eugenol-amylose complexes, which
inhibited the release of the free eugenol into the solvent media. These
losses were greater in both the non-encapsulated eugenol films and in
those encapsulated without OA. Thus, the greatest antioxidant activity
was found in the films with capsule formulations containing oleic acid,
which exhibited EC50 values closer to those of pure eugenol, regardless
of the wall material used (WP or LE) in the capsules.

The films’ antioxidant activity was related to the amount of eugenol
retained in the films after processing. The eugenol retention efficacy
(%) in each film is shown in Table 6, which was calculated by taking
into account both the final eugenol content in the films and the nominal
eugenol content added (free or encapsulated) before the film proces-
sing. For the purposes of quantifying the final eugenol content, two
methods were used for comparison purposes, the Folin-Ciocalteu (F-C)
and methanol extraction of the films and UV spectrophotometric
quantification. As can be observed, the values obtained by both
methods were very similar in all cases, except in the E-S films, the F-C
values being three times higher than those obtained by the UV method.
This can be explained by taking into consideration that when E-S films
were submitted to dissolution, a chemical equilibrium between the free
E and E-S tarch complexes was achieved, for a given temperature. In the
F-C assay, polyphenols react with specific redox F-C reagent to form a
blue complex that can be quantified by visible-light spectrophotometry
(Blainski, Lopes, & De Mello, 2013; Sanchez-Rangel, Benavides,
Heredia, Cisneros-Zevallos, & Jacobo-Velazquez, 2013). The formation
of such eugenol-F-C complexes would provoke the displacement of the
initial equilibrium towards a greater amount of free eugenol, which
would explain the higher eugenol content measured in these films by
the F-C method. On the contrary, the E methanol extraction from the
films could be ineffective at releasing E from the starch complexes,
which would limit the UV spectrophotometric response, giving rise to a
non-total E quantification.

By considering the F-C values, the encapsulating materials con-
taining OA greatly promoted the E retention in the films during ther-
moprocessing (45%), whereas a lower, similar retention (20–26 %) was
observed for the incorporated free E or that encapsulated in OAfree
materials. This increase in the retention yield reflected the effectiveness
of OA as a carrier compound, which modulated compound interactions
involved in the encapsulation process and decreased the eugenol losses
during film thermo-preparation, mainly associated with its evaporation,
as it has been reported by other authors (Kayaci, Ertas, & Uyar, 2013). A
similar effect of OA, the retaining of the essential oil compounds in
chitosan films, was found by Perdones et al. (2014).

Table 5
Antioxidant activity of films containing non-encapsulated and micro-
encapsulated eugenol, expressed in terms of EC50 values. Mean values ±
standard deviation.

Formulation EC50 parameter of DPPH assay

kg film/mol
DPPH

mg eugenol/mg
DPPH

mol eugenol/mol
DPPH

E-WP-S 35 ± 3b 1.24 ± 0.10c 3.0 ± 0.2c

EOA-WP-S 17.3 ± 0.3a 0.552 ± 0.010b 1.33 ± 0.03b

E-LE-S 52 ± 4d 1.88 ± 0.12d 4.5 ± 0.3d

EOA-LE-S 20 ± 4a 0.65 ± 0.13b 1.6 ± 0.3b

E-S 40.5 ± 1.7c 1.34 ± 0.05c 3.21 ± 0.12c

Pure E 0.091 ± 0.002a 0.219 ± 0.005a

abcdDifferent letters in the same column indicate significant difference among
formulations (p < 0.05).

Table 6
Eugenol content and percentage of eugenol retained in the films (g final eugenol
content/100 g nominal eugenol), determined by the Folin-Ciocalteu method
and eugenol extraction and UV spectrophotometric quantification. Mean va-
lues ± standard deviation.

Formulation Folin-Ciocalteu method UV (Methanol extract)

mg Eug/g film % Eugenol
retention

mg Eug/g film % Eugenol
retention

E-WP-S 2.8 ± 0.3a 22 ± 2a 2.83 ± 0.17b 23.0 ± 1.2b

EOA-WP-S 4.7 ± 0.4c 45 ± 4c 4.16 ± 0.18c 40.6 ± 1.9c

E-LE-S 2.55 ± 0.09a 19.9 ± 0.7a 2.33 ± 0.12b 18.2 ± 0.8b

EOA-LE-S 5.0 ± 0.2c 45 ± 2c 4.6 ± 0.3c 41 ± 3c

E-S 3.24 ± 0.18b 26.6 ± 1.5b 1.54 ± 0.04a 12.7 ± 0.4a

abcDifferent letters in the same column indicate significant difference among
formulations (p < 0.05).
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3.6. Kinetics of eugenol release

The kinetic behaviour of the eugenol release from films in four food
simulants of different polarity and pH (EtOH10%; AA3%, EtOH20%
and EtOH50%) was also studied. Fig. 3 shows the percentage of eugenol
released as a function of time in the different food simulants. As can be
observed, the eugenol release reached equilibrium after about 20–25 h
in every simulant and film. The experimental data (points) and curves
(lines) predicted by the fitted Peleg model are shown in Fig. 3. Table 7
shows the parameters of the Peleg model, where k1 is the kinetic con-
stant of the model (min/(mg E/g film)) related to the inverse of the
mass transfer rate at the beginning of the process and k2 is related to the
asymptotic value of the curve or amount released at equilibrium (1/
k2 = M∞, mg eugenol/g film). The maximum released ratio (M∞/Mo)
was estimated with respect to the total eugenol extracted (M0) in each
film by means of UV, since this method was also used to quantify the E

content released into each simulant. A good fit of the model was ob-
tained in every case, as reflected by the R2 values in Table 7.

The total amount of eugenol released (M∞ values) depended on
both the food simulant and the composition of the microencapsulated
material present in each film. The M∞ values were around 0.2–0.5 mg
eugenol/g film in non-encapsulated films and ranged between 1.1 and
3.4 mg eugenol/g film for those films incorporating encapsulated eu-
genol. According to several authors (Buonocore, Del Nobile, Panizza,
Corbo, & Nicolais, 2003; Sánchez-González, Cháfer, González-Martínez,
Chiralt, & Desobry, 2011; Talón, Trifkovic, Vargas, Chiralt, & González-
Martínez, 2017), the release of an active compound from a polymeric
network is dependent on different factors, such as the liquid diffusion
into the matrix and its subsequent swelling and relaxation, (or even
partial polymer solubilization), the diffusion capacity of the active
compound through the swollen polymer matrix into the food simulating
liquid and on the relative chemical affinity of the compound to the

Fig. 3. Percentage of total eugenol released at
22 °C as a function of time in different solvents
(EtOH10%: Ethanol aqueous solution (10% v/
v); AA3%: Acetic acid aqueous solution (3%,
w/v); EtOH20%: Ethanol aqueous solution
(20%, v/v); EtOH50%: Ethanol aqueous solu-
tion (50%, v/v)); experimental data ( E-WP-
S; EOA-WP-S; E-LE-S; EOA-LE-S; E-S)
and fitted Peleg ́s model ( E-WP-S; EOA-
WP-S; E-LE-S; EOA-LE-S; E-S).

Table 7
Maximum eugenol release ratio (M∞/M0)* and parameters of Peleg´s model for the different systems in the different food simulants: inverse of the initial release rate
(k1) (min/(mg eugenol /g film)) and equilibrium value, M∞ (1/k2) (mg eugenol/g film). Mean values ± standard deviation.

Simulants Parameters E-WP-S EOA-WP-S E-LE-S EOA-LE-S E-S

EtOH10% k1 18 ± 5a,1 15 ± 4a,12 83 ± 40b,2 21 ± 15a,12 676 ± 154c,2

1/k2 2.60 ± 0.08d,1 1.47 ± 0.09c,1 1.113 ± 0.105b,1 1.4 ± 0.2bc,1 0.29 ± 0.03a,1

R2 ≥0.9975 ≥0.9993 ≥0.9939 ≥0.9987 ≥0.9884
% M∞/M0

* 92 ± 3d,1 35 ± 2b,1 48 ± 4c,1 30 ± 5b,1 19.0 ± 1.8a,1

AA3% k1 34.3 ± 0.3a,1 45 ± 10a,2 276 ± 64b,3 58.5 ± 0.7a,2 6300 ± 2051c,3

1/k2 3.1 ± 0.3cd,2 2.9 ± 0.2c,3 1.86 ± 0.16b,2 3.41 ± 0.07d,4 0.50 ± 0.16a,1

R2 ≥0.9982 ≥0.9990 ≥0.9932 ≥0.9993 ≥0.9385
% M∞/M0

* 103 ± 8d,2 69 ± 6b,3 80 ± 7c,3 74.1 ± 1.5bc,3 32 ± 10a,2

EtOH20% k1 6 ± 2a,1 13 ± 3a,12 59 ± 16b,2 40 ± 7ab,12 519 ± 165c,2

1/k2 2.4 ± 0.2d,1 2.01 ± 0.18c,2 1.61 ± 0.15b,2 2.9 ± 0.4e,3 0.2598 ± 0.0007a,1

R2 ≥0.9993 ≥0.9991 ≥0.9969 ≥0.9935 ≥0.9905
% M∞/M0

* 86 ± 8d,1 48 ± 4b,2 69 ± 6c,2 63 ± 8c,2 16.8 ± 0.05a,1

EtOH50% k1 4.2 ± 1.3a,1 2.35 ± 0.19a,1 7.1 ± 1.6a,1 14 ± 7a,1 72 ± 88b,1

1/k2 2.47 ± 0.17c,1 2.5 ± 0.4c,3 1.789 ± 0.020b,2 2.5 ± 0.3c,2 0.49 ± 0.02a,1

R2 ≥0.9999 ≥0.9993 ≥0.9996 ≥0.9972 ≥0.9995
% M∞/M0

* 87 ± 6c,1 61 ± 9b,3 76.7 ± 0.8c,23 54 ± 7b,2 32 ± 1.5a,2

abcdDifferent letters in the same line indicate significant difference among formulations (p < 0.05).
1234 Different numbers in the same column indicate significant difference among food simulants (p < 0.05).

* Maximum eugenol released with respect to the total eugenol extracted (M0) in the film measured by the UV method (Table 6).
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swollen matrix and liquid phase. Thus, the highest value of total eu-
genol released was quantified in the acidic solution (AA3%), probably
due to the partial acid hydrolysis of the amorphous regions of the starch
matrix (Wang & Copeland, 2015) leading to a more open structure,
which favours the diffusion of eugenol into the simulant. A decrease in
the polarity of the medium would favour the eugenol release due to its
greater affinity with the liquid phase. In general, however, no notable
differences in M∞ values were found for the different ethanol-water
simulants, although the values in 10% ethanol aqueous systems were
lower.

The maximum release ratio (M∞/M0) ranged between 19% and
100%, depending on the capsule formulation present in the films, fol-
lowing the order: E-WP-S > E-LE-S > EOA-LE-S = EOA-WP-S > E-S.
Thus, the lowest ratio was found in the non-encapsulated eugenol film,
with 17–32% of eugenol remaining in the films at equilibrium, de-
pending on the simulant. The low release ratio of the non-encapsulated
E from the films could be explained by the formation of lipid-amylose
complexes, previously commented on, which limit the free E that is able
to migrate to the solvent medium. In fact, some authors report a lipid
complexation capacity of amylose in the helical hydrophobic cavity of
10 g lipid/100 g amylose (Eliasson, 1994). Considering the amylose
ratio in corn starch (20%, Jiménez et al., 2013) and the ratio of starch-
eugenol in the film, a total complexation could occur, without the sa-
turation of the amylose complexation capacity. This effect would be
limited in films containing encapsulated E due to the fact that the
contact between the lipid compound and amylose was highly restricted
when the compound was in the core of the capsules. The greatest ratio
of released eugenol was found when using E-WP particles, probably due
to the greater solubility of this microencapsulates in the different sol-
vents which enhanced the E release, in comparison with E-LE-S for-
mulations. In OA-based formulations, the hydrophobic nature of these
microparticles seemed to limit the complete release of the active com-
pound. Nevertheless, this effect was significantly milder when the af-
finity of the lipid compounds with the medium increased in the 50%
ethanol aqueous simulant.

As regards the release rate, the k1 value was remarkably high when
eugenol was not previously encapsulated (E-S), especially when using
acetic acid as food simulant, so at the very beginning of the process, the
rate of eugenol release was very slow. Thus, the maximum released
ratio of E when using the acidic solvent was notably affected by the
hydrolysis of the starch matrix throughout time, which promoted the
final release of eugenol not only in E-S films but also in the rest of the
formulations. Likewise, the low E concentration in the E-S films will
also contribute to decreasing the driving force of the diffusion process.

In films containing microencapsulated eugenol, the initial release
rate was higher in E-WP films, probably due to its greater disintegra-
tion, as previously commented on. The lowest release rate was found in
E-LE films, in which a more gradual release of eugenol was found. No
significant differences in k1 values were found between EOA-WP-S and
EOA-LE-S formulations, which exhibited intermediate values. All the
formulations showed lower k1 values (higher initial rates), when the
polarity of food simulant decreased (50% ethanol), due to the greater
affinity of the lipid active compound with the solvent. Similar beha-
viour was reported by other authors for the release of other essential oil
compounds from different polymer matrices (Muller, Quesada,
González-Martínez, 2017; Requena, Vargas, & Chiralt, 2017; Sánchez-
González, Cháfer et al., 2011).

4. Conclusions

The incorporation of eugenol (encapsulated or not) into the thermo-
compressed starch films significantly affected their physical and anti-
oxidant properties. In non-encapsulated eugenol films, this was attrib-
uted to the formation of eugenol-amylose complexes which modify the
starch matrix. In films with encapsulated eugenol, the partial disruption
of the capsules during film thermoprocessing released different

compounds into the starch matrices with differing degrees of compat-
ibility, which induced a heterogeneous film microstructure and caused
notable changes in the tensile and barrier properties of the starch films.
In general, the films with encapsulates became less stretchable and
resistant than pure starch films, with lower water sorption capacity and
improved water vapour barrier properties. However, microcapsules
containing oleic acid provoked a very heterogeneous distribution of this
compound in the matrix, which controlled the film’s oxygen perme-
ability, giving rise to this property’s highly variable nature.

The protective effect of microencapsulates on the eugenol retention
during the film processing was only effective when encapsulates con-
tained oleic acid as lipid carrier, regardless of the wall material used
(whey protein or lecithin). The loss of the non-encapsulated eugenol
from thermo-compressed films was limited, probably due to the for-
mation of lipid-starch complexes, which drastically decreased the
amount of eugenol released into the different food simulants.

The fastest kinetics and the greatest amount of eugenol released was
observed in films containing microencapsulated eugenol, especially
when the encapsulating materials were more water soluble (E-WP-S)
and when the solvent was acid. Taking into account the compound
release capacity of each kind of film in the different simulants, the
encapsulation of eugenol in WP (without OA) provides the highest
amounts of deliverable eugenol (2.5–3 mg/g film) regardless of the food
system polarity. Additionally, this encapsulated material provides
stiffness to the starch matrix while reducing its oxygen and water va-
pour permeability by 61 and 28%, respectively.
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